Please cite this article as: Channappagoudra M., Ramesh K., Manavendra G. Comparative examination of effect of hemispherical and toroidal piston bowl geometries on diesel engine performance. Biofuel Research Journal 19 (2018) 854-862. DOI: 10.18331/BRJ2018.5.3.5 Biofuel Research Journal 19 (2018) Diesel engine parameters are in general more compatible with operating on neat diesel than biodiesel and its blends. Therefore, optimizing operating conditions as well as piston bowl geometry to achieve a better performance with biodiesel in conventional diesel engines is highly essential. In the present study, hemispherical piston bowl geometry (HPBG) of existing diesel engine was modified into toroidal piston bowl geometry (TPBG) to evaluate the performance of a diesel engine running on a 20% blend of dairy scum oil biodiesel (B20). The experimental results revealed increased brake thermal efficiency and heat release rate by 5.5% and 17.24%, respectively, while brake specific fuel consumption, HC emission, and CO emission were decreased by 8.75%, 15%, and 14.47%, respectively, in response to the engine modification applied. Such improvements using the TPBG could be attributed to improved fuel atomization, reduction of fuel droplet size, increased cylinder temperature, enhanced squishswirl, and turbulence kinetic energy during combustion. The findings of the present study could pave the way for the fabrication of diesel engines, which are more efficiently compatible with biodiesel and its blends.
Introduction
As the industrialization process is growing on a daily basis so is looking into more substitute fuels to replace petroleum-oriented products; alternative fuels locally available and with lesser emissions (Ramadhas et al., 2004) . In line with that, biodiesel produced from non-edible oil feedstocks through transesterification is considered as an ideal substitute for the mineral diesel fuel (Agarwala et al., 2008) . Biodiesel is renewable, sustainable, and possesses similar properties to those of petroleum diesel (Selaimia et al., 2015) . In spite of its favorable attributes, biodiesel owing to its oxygen content, leads to higher NOx emissions proportional to its inclusion rate in fuel blends (Geng et al., 2017) . It is in general believed that the utilization of biodiesel would not affect the weight loss and surface of the fuel injector equipment (FIE) and hence, lesser wear would be expected when compared with mineral diesel (Reddy et al., 2016) .
Slight modifications in diesel engine parameters like injector operating pressure (IOP), injection timing (IT), nozzle geometry, and compression ratio (CR) could contribute to improved performance in diesel engines fueled with biodiesel. For instance, the higher viscosity and density of biodiesel necessitate higher IOPs to ensure proper fuel atomization followed by improved fuel-air mixing with smaller fuel droplets and more complete combustion (Badami et al., 1999; Hountalas et al., 2003; Belagur and Chitimini, 2010; Venkanna and Reddy, 2011; Behera and Murugan, 2013) . In addition, advanced IT when using biodiesel could enhance engine performance leading to lower HC and CO emissions while could also compensate for the higher NOx emission of biodiesel in comparison with mineral diesel (Mani and Nagarajan, 2009; Hwang et al., 2014; Senthil et al., 2015) . Diesel engines operating on biodiesel could show improved combustion behaviors in response to higher CRs as higher CRs would contribute to higher cylinder temperatures and pressures leading to more complete combustion (Mohanraj and Mohan Kumar, 2013; Jose et al., 2014; Miraculas et al., 2016; Yadav et al., 2017) . As proven by both experimental and simulation results, the design of nozzle hole (NH) is also a truly critical parameter to achieve improved spray characteristics and consequently improved emissions profile and performance in the combustion chamber (Agarwal et al., 2015) .
As mentioned earlier, biodiesel inclusion in diesel is associated with increased NOx emissions. Nozzle geometry modification (modifying injector NH from 5 (base) to 6 holes) was reportedly found to be a feasible solution to reduce NOx emission of biodiesel-operated diesel engines (Lahane and Subramanian, 2014) . The presence of cavitation and turbulence in nozzles has a noteworthy influence on improving spray behaviors (He et al., 2013) . At an injection pressure of 250 bar, brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC) were improved and emissions were decreased with modified nozzle (5 hole) when compared to baseline nozzle (3 hole) of a standard engine (SE) (Vairamuthu1 et al., 2015) . In a different study, it was shown that an 8 hole nozzle led to increased BSFC and engine torque a result of higher fuel injection velocity and improved fuel-air mixing while also resulted in reduced NOx and CO emissions when compared to 6, 7, and 9 hole nozzles (Jafari and Ganji, 2013) . It has also been revealed that fuel injector nozzles with smaller orifice diameters would exhibit considerably improved engine performance and emission characteristics (Kumar et al., 2018) .
Along with injection strategies and/or changing the other parameters, piston bowl shape could also strongly influence engine performance (De Risi et al., 2003) . From the computational fluid dynamics (CFD) simulations, it has been observed that symmetric toroidal vortices of reentrant piston bowl shape would enhance the squish-swirl and turbulence kinetic energy (TKE) during compression stroke when compared to openpiston bowl shape. Hence swirl, squish, and turbulence is strongly influenced by the piston bowl geometry in diesel engines (Payri et al., 2004; Song et al., 2008; Prasad et al., 2011) . For instance, combustion chambers with bottom corners have been reported to result in improved thermal efficiency and reduced NOx, CO, and soot emissions when compared to lip shaped combustion chambers (Ghodke and Suryawanshi, 2015) . Diesel engine operation with 20% Jatropha methyl esters led enhanced performance and reduced HC, CO, and smoke emissions with toroidal reentrant combustion chamber (TRCC) in comparison with spherical and toroidal combustion chamber (Mamilla et al., 2013) . The TRCC geometries has been shown to be associated with improved BTE, peak pressure, and heat release rate (HRR) as well as reduced BSFC, ignition delay period (IDP), CO, HC, and smoke emissions; all attributing to higher air motion, squish, and fuel-air mixing rates when compared to hemispherical combustion chamber (HCC) geometries (Jaichandar and Annamalai, 2012) .
The substandard performance of biodiesel-operated diesel engine could be enhanced by providing squish, turbulence, rapid, and proper fuel-air mixing in the cylinder using robust designs in piston bowl geometry along with the implementation of optimized engine parameters depending on the properties of the biodiesel produced from a given oil feedstock. It has been reported in the published literature that higher IOPs (Badami et Accordingly, the present study was set to first find the optimal engine parameters (i.e., IOP, IT, CR, and NH) when operating on the investigated biodiesel (B20). Subsequently, the effect of piston bowl geometry modification on the emission and performance characteristics of the diesel engine under optimal engine parameters were assessed. A waste-oriented oil feedstock, i.e., dairy scum oil was used for biodiesel production in order to enhance the sustainability aspects of the alternative fuel used.
Materials and Methods

Biodiesel preparation and properties
Biodiesel preparation process from dairy scum oil is demonstrated in Figure 1 . Briefly, the white and semisolid dairy scum was heated at 50-60 o C to convert it into liquid followed by filtration prior to its introduction in the transesterification reactor. In the reactor, the scum oil was transesterified with methanol in the presence of KOH as catalyst. Upon the completion of the reaction, glycerin was removed and crude biodiesel was washed with plain water three times to remove the impurities, i.e., acids, soaps, and residual catalyst. Finally, the purified product was dried at 110 o C.
The main properties of dairy scum oil methyl esters (DSOME) and its blends such as viscosity, calorific value, density, flash point, and fire point were determined as per ASTM-6751 standards ( biodiesel blends was measured using a hydrometer at 30 o C. The flash and fire points of the fuels were computed by using a Pensky-Martens apparatus at the 40-250 o C temperature range. A Bomb calorimeter was used to calculate the heating value of the various fuel blends. A Redwood viscometer was used to calculate the kinematic viscosity of biodiesel at a 40 o C.
Experimental setup
A Kirloskar, 3.5 kW (TV1) diesel engine ( Fig. 2 ) was used to conduct the combustion experiments. The specifications of the SE used are given in Table 2 . Instruments used for the defined work included diesel engine-test rig, ECU, exhaust gas analyzer, burette and stopwatch, digital manometer, Chromel Alumel (K-Type) thermocouples. "Engine soft LV" software was employed for online combustion analysis. The combustion pressure at various crank angles was determined by using Piezo sensor and crank angle sensor. The test engine was operated at the constant speed of 1500 rpm and it was coupled with a dynamometer for loading the engine. Water circulation was used to prevent overheating. Temperature sensors were used to measure water jacket temperature as well as calorimeter water temperatures. The fuel and air flow rates were determined using flow sensors. Baseline engine readings were performed using neat diesel and an average of three readings was considered for the examination. Airrex Automotive Emission Analyzer HG-540 was used to measure the exhaust emissions, i.e., HC, CO, and NOx.
Engine modifications
The influence of piston bowl geometry when using 20% blend of DSME An efficient air-fuel mixing (swirl and squish) inside the cylinder of direct injection diesel engines mainly depends on the piston bowl geometry. In this study, the SE hemispherical piston bowl geometry (HPBG) which is centrally positioned was modified into a toriodal piston bowl geometry (TPBG) without altering the bowl diameter (HPBG: 51 mm and TPBG: 51 mm) and bowl volume. Hence, bowl volume was identical for both pistons (HPBG bowl volume: 34727.95 mm 3 and TPBG bowl volume: 34727.44 mm 3 ). The concept behind this toroidal geometry was to more completely utilize oxygen by providing a powerful squish. Cross-sectional schematic presentation including dimensions and photographic view of the piston bowl shapes as well as their specifications are represented in Figure 5 and Table 3 , respectively. The tests were conducted on a diesel engine at various loads (20, 40, 60, 80 , and 100%) to investigate the performance and emission behaviors of the diesel engine operated on 20% DSME. At the very beginning, the SE was operated on neat diesel to get the baseline readings. Subsequently, the main experiments were carried out and an average of three readings were considered for assessment the investigated parameters. The photographic views of the piston disassembled after use are shown in Figure 6 . Figure 7 shows variations in BTE against brake power (BP) for different IOPs. The higher BTE of diesel in comparison with B20 could be explained by its higher heating value and lower viscosity. As presented, there was a positive correlation between IOP and BTE caused by improved atomization, vaporization, and better air-fuel mixing in response to increasing IOP. At an IOP of 230 bar, enhanced air-fuel mixing was observed at higher loads leading to maximum BTE, it was still less than that of diesel though. On the contrary, by increasing IOP more than 240 bar, BTE was reduced. This might be due to unfavorable decreases in fuel droplets size (very fine particles) leading to too low relative velocity and consequently, sluggish combustion (Belagur and Chitimini, 2010; Venkanna and Reddy, 2011; Behera and Murugan, 2013). Based on the BTE results obtained IOP of 230 bar was found as the optimal value for B20 operation.
Results and Discussion
Effect of various engine parameters on diesel engine performance
The variations in BTE against BP for different ITs are represented in Figure  8 . As presented, by advancing the fuel IT (from 23.deg.bTDC to 26.deg.bTDC), BTE was increased. This might be attributed to more time availability for airfuel mixing in the cylinder resulting in an improved combustion process and consequently, releasing more heat in the cylinder (Mani and Nagarajan, 2009; Senthil et al., 2015) . Whereas by retarding the IT from 23.deg.bTDC to 20.deg.bTDC, BTE was reduced. The experimental BTE values for Diesel (23.deg.bTDC) and B20 at full load at different ITs, i.e., 20.deg.bTDC, Figure 9 depicts the variations in BTE against BP for different CRs. As the CR was increased, BTE was also increased. This may be attributed to higher air temperature and to better mixing of fuel and air in the cylinder resulting in faster evaporation of the fuel particles and consequently more complete combustion (Mohanraj and Mohan Kumar, 2013; Miraculas et al., 2016) . At full load when the CR was increased from CR 16 to 18, BTE was increased from 30.03% to 31.15%, respectively. The BTE obtained at the highest CR (i.e., 18) when running on DSOME-B20 was comparable to that of neat diesel (i.e., 31.32%). Therefore, the CR of 18 could be regarded as the most optimal CR for DSOME-B20 operation. Lower CRs resulted in lower BTE values which could be ascribed to the dilution of residual gas and consequent slower combustion process. Figure 10 represents the variations in BTE against BP for different nozzles. The SE operation with diesel (diesel-baseline) showed a higher BTE value of 31.32% when compared with the 3-and 4-hole nozzles using B20 fuel blend at full load. However, 5-hole nozzle resulted in a higher BTE value of 31.5% probably owing to better atomization and fuel-air mixing inside the combustion chamber, which consequently led to rapid evaporation and more complete combustion. The lowest BTE value was recorded for the 4-hole nozzle which could be explained by its smaller . Brake thermal efficiency vs. brake power for neat diesel and DSOME-B20 using nozzles with different hole number. Figure 12 represents the trends of BSFC against BP for SE and ME engine operated on DSOME-B20 fuel blend. More specifically, higher BSFC values were recorded for SE running on DSOME-B20 in comparison with mineral diesel. This could be justified by the lower heating vale and higher density of DSOME-B20. While engine operation with HPBG-ME running on biodiesel was associated with lower BSFC values when compared to DSOME-B20-SE. In fact, in the modified engine with the HPBG geometry, little amount of fuel would be introduced into the cylinder when the piston was at the top dead centre (TDC) leading to rapid HRR. Comparing the two geometries investigated and as presented in Figure 12 , it could be observed that TPBG-ME had lower BSFC values vs. HPBG-ME which could be attributed to the enhanced air-fuel mixing caused by the powerful squish and swirl motions inside the combustion chamber. The BSFC results at full load for Diesel-SE, DSOME-B20-SE, HPBG-ME, and TPBG-ME were 0.290 kg/kW.h, 0.320 kg/kW.h, 0.297 kg/kW.h and 0.292 kg/kW.h, respectively. deg.bTDC, and CR of 18 were considered as optimal operating conditions when running on DSOME-B20. These conditions were used to examine the effect of piston bowl geometry on diesel engine performance and emission characteristics. Fig.11 . Brake thermal efficiency vs. brake power for different engine geometry. Diesel-SE: Diesel-operated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry. Figure 11 shows the changes in BTE against BP in response to different engine geometries under the optimized operating conditions determined previously. In the SE operation, it was observed that BTE of DSOME-B20 was lower than that of mineral diesel at all loads. This could be due to the lower calorific value, higher density, and greater viscosity of the biodiesel blend. Whereas using the modified engine (ME) running on DSOME-B20, BTE was improved in comparison with the SE (Fig. 11) which could be ascribed to improved fuel atomization, increased cylinder temperature, and more time availability for fuel-air mixing; collectively leading to a more efficient combustion process. The BTE results for Diesel-SE, DSOME-B20-SE, HPBG-ME, and TPBG-ME at full load were found to be 31.32%, 29.93%, 31.50% and 31.69 %, respectively. TPBG-ME showed greater BTE values for the entire load range compared with the HPBG-ME which could be attributed to the enhanced air motion and heat transfer in the TPBG leading to proper mixing of burned and unburned fluid particles along with better air-fuel mixture formation and evaporation and consequently more complete combustion (Payri et al., 2004 ; Prasad et al., 2011; Jaichandar and Annamalai, 2012). On the contrary, insufficient turbulence (air swirl) in the combustion chamber when the HPBG-ME was used led to a poor burning efficiency and consequently lower BTE values (Fig. 11) . geometries on diesel engine performance. Biofuel Research Journal 19 (2018) 854-862. DOI: 10.18331/BRJ2018.5.3.5 Figure 13 depicts HC emissions against BP for standard and modified engines. In SE operation, HC emissions are mainly caused by wall quenching, lubricating oil burning, and lean mixture. Using SE configuration, HC emissions when running on DSOME were lower compared with mineral diesel. This might be due to increased gas temperature in the cylinder and higher presence of oxygen when DSOME-B20 was used. Engine modifications in general led to decreased HC emissions which might be attributed to more efficient fuel atomization, faster evaporation rate, and increased cylinder temperature. Comparing the two geometries investigated using DSOM-B20, the TPBG-ME was revealed to result in lower HC emissions vs. the HPBG-ME. The reason behind such differences could be the generation of more turbulent kinetic energy (TKE) inside the combustion chamber with improved air-fuel mixing leading to more efficient oxidation and combustion processes of the fuel introduced into the combustion chamber. The HC emissions values recorded at full load for Diesel-SE, DSOME-B20-SE, HPBG-ME and TPBG-ME stood at found to be 45, 40, 37, and 34 ppm, respectively (Fig. 13). 
Effect of piston bowl geometry on diesel engine performance and emission characteristics 3.2.2. Brake specific fuel consumption
Brake thermal efficiency
HC emission
CO emission
The differences between standard and modified engines in terms of CO emissions against BP are shown in Figure 14 . It is well known that the CO emissions of biodiesel and its blends are in general lower than that of the mineral diesel due to the oxygen content of biodiesel leading to a complete combustion. The MEs running on DSOME-B20 resulted in lower CO emissions than the SE. This is ascribed to the greater cylinder temperatures in the MEs leading to faster evaporation of the fuel droplets and consequently faster oxidation to CO into CO2. The SE operation with neat diesel was associated with the highest CO emission of 0.089% when compare to biodiesel operations in both SE and ME configurations. This could be attributed to the lower oxygen presence in the diesel fuel when compare to DSOME-B20.
The TPMBG-ME showed the lowest CO emission of 0.065% in comparison with the other engine geometry, i.e., HPBG-ME (0.068%). This difference could be explained by the improved air motion in the cylinder, releasing more heat, and hence, increased combustion temperature which in turn enhanced the oxidation and combustion processes. 13 . HC emissions vs. brake power for different engine geometry. Diesel-SE: Dieseloperated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry. Figure 15 depicts the variations in NOx emissions at different loads for standard and modified engines running on DSOME-B20. High cylinder temperatures and the presence of oxygen are the reason behind NOx formation in diesel engines. As shown in Figure 15 , as load increased NOx emissions were also increased. NOx emission was found to be greater for DSOME-B20 fuel when compared to mineral diesel at all loads. Higher Fig.12 . Brake specific fuel consumption vs. brake power for different engine geometry. Diesel-SE: Diesel-operated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry.
Nitrogen oxides emission
Fig.14. CO emission vs. brake power for different engine geometry. Diesel-SE: Dieseloperated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry.
HRR during premixed combustion phase observed with biodiesel fuels led greater cylinder temperature and improved combustion. The NOx emission results at full load for Diesel-SE, DSOME-B20-SE, HPBG-ME, and TPBG-ME were 961, 978, 1118, and 1065 ppm, respectively. The higher NOx emissions observed in response to engine modifications could be attributed to the improved turbulent motion of air leading to intensified heat release and heat transfer and consequently increased combustion temperature and NOx formation. It should be noted that these NOx emissions could be controlled with the implementation of exhaust gas recirculation (EGR).
Cylinder pressure
The variations in cylinder pressure vs. crank angle at full load various engine configurations are presented in Figure 16 . As shown the peak cylinder pressure was increased as load increased. In SE operation, neat diesel led to higher peak pressure compared with DSOME-B20. This could be explained by the higher calorific value and lower viscosity of neat diesel than DSOME-B20. When running on biodiesel, the TPBG-ME resulted in the highest cylinder pressure followed by HPBG-ME and DSOME-B20-SE. The higher cylinder pressure recorded for TPBG-ME could be attributed to more turbulence resulting in higher flame speed and consequently rapid combustion of fuel droplets in the combustion chamber. The rapid combustion process in turn led to increased pressure waves when the piston was at TDC hence, resulting in the highest cylinder pressure when compared to non-turbulent HPBG-ME. The cylinder pressure values at full load for Diesel-SE, DSOME-B20-SE, HPBG-ME, and TPBG-ME were found to be 53.63, 52.29, 53.25, and 53.34 bar, respectively.
Heat release rate
HRR profiles vs. crank angle for standard and modified engines at full load are presented in Figure 17 . Apparently, the higher heating value and lower viscosity of neat diesel resulted in higher HRR than DSOME-B20-SE when SE configuration was used. Engine modifications in general increased HRR. More specifically, the maximum HRR was associated with HPBG-ME. This might be attributed to the improved air-fuel mixing rate as well as faster evaporation and combustion under optimized operating parameters of the engine fueled with DSOME-B20 at the diffusion combustion phase. The HRR results at full load for Diesel-SE, DESOME-B20-SE, HPBG-ME, and TPBG-ME were 65.43, 57.14, 64.72, 69.05 J/crank angle, respectively. Fig.15 . NOx emission vs. brake power for different engine geometry. Diesel-SE: Diesel-operated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry. Fig.16 . Cylinder pressure vs. crank angle at full load for different engine geometry. Diesel-SE: Diesel-operated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry.
As shown in Figure 17 , the TPBG-ME was revealed to lead to higher HRR in comparison with HPBG-ME. The reason behind this difference could be the higher turbulence, more efficient mixing of fuel and air during compression, and the resultant enhanced chemical reaction at the uncontrolled combustion phase. These led to a more complete burning of weak charges hence, increased heat releases and heat transfer to the cylinder wall. Whereas in the case of open type combustion chamber, i.e., HPBG-ME, HRR was less as the higher surface-volume ratio led to lower pressures and HRRs at different locations of the piston cavity causing lower flame speeds. Fig.17 . Heat release rate vs. crank angle at full load for different engine geometry. Diesel-SE: Diesel-operated standard engine; DSOME-B20-SE: 20% biodiesel-operated standard engine; HPBG-ME: Modified engine with HPBG piston geometry; and TPBG-ME: Modified engine with TPBG piston geometry.
Conclusions
The present study explored the influence of piston bowl geometry on diesel engine combustion characteristic under optimized operating conditions for 20% blend of dairy scum oil biodiesel (B20) (i.e., IOP: 230 bar, IT: 26.deg.bTDC, CR: 18, and NH: 5 holes) and the experimental results obtained were compared with the standard diesel engine operating conditions (i.e., IOP: 210 bar, IT: 26.deg.bTDC, CR: 17.5, and NH:3 holes). The following conclusions could be drawn:
1) The TPBG-ME showed an increased BTE of 5.55% and reduced BSFC of 8.75% when compared to DSOME-B20-SE.
2) The TPBG-ME resulted in lower emissions, i.e., HC by 15% and CO by 14.47% when compared to the DSOME-B20-SE. However, the TPBG-ME led to a 8.16% increase in NOx emission vs. DSOME-B20-SE. 3) HRR was increased by 17.24% using the TPBG-ME in comparison with the DSOME-B20-SE.
Overall, the experimental results obtained confirmed that the toroidal geometry of the piston bowl, i.e., TPBG-ME, was associated with improved combustion characteristics when compared with the hemispherical geometry and the standard engine (DSOME-B20-SE). These improvements could be attributed to the smaller-sized fuel droplets, improved fuel atomization, increased cylinder temperature, higher flame front velocity of the charge, enhanced swirl-squish, and TKE during combustion. Such findings could assist with the fabrication of diesel engines which are more efficiently compatible with biodiesel and its blends.
